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Edited by Francesc PosasAbstract Endopolyphosphatase (Ppn), responsible for cleavage
of long chain inorganic polyphosphate (poly P) of several hun-
dred residues to generate progressively shorter chains, has been
identiﬁed in mammalian cells and puriﬁed from Saccharomyces
cerevisiae. Disruption of the encoding gene, PHM5, in S. cerevi-
siae resulted in a mutant that showed limited growth and failure
to survive in a minimal medium. The limited digestion products
of the yeast enzyme Ppn1 judged to be P3 and P60 have now, with
the homogeneous enzyme and improved separation methods,
been demonstrated to be Pi and P3. Ppn1, a homotetramer of
a 35-kDa subunit, is of vacuolar origin and requires protease
activation of a 78 kDa (674-aa) precursor polypeptide
(prePpn1). The protease-processed Ppn1 has been puriﬁed
3800-fold to homogeneity and the protease cleavage sites
determined. Both termini of prePpn1 and the post-translational
modiﬁcation of N-glycosylations are essential for the protease-
mediated maturation of Ppn1.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Inorganic polyphosphate (poly P), a linear chain of hun-
dreds of phosphate (Pi) residues linked by phosphoanhydride
bonds as in ATP, has been found in every cell examined, from
bacteria to mammals [1–3]. It is essential in bacteria for long-
term survival in stationary phase, growth following a nutri-
tional downshift, cell motility, bioﬁlm formation and virulence
of some pathogens [4–8]. Several poly P-metabolizing enzymes,
such as poly P kinase (PPK) which catalyzes the reversible syn-
thesis of poly P from the terminal phosphate of ATP and exo-
polyphosphatase (PPX) which hydrolyzes poly P to Pi, have
been identiﬁed in a variety of micro-organisms [9–12]. Phos-
photransferases that transfer a phosphate from poly P to
AMP, NAD, glucose, and 1,3-diphospho-glycerate have also
been described [1,2].
Endopolyphosphatase (Ppn), to date found only in eukary-
otic cells, catalyzes the internal cleavages of poly P to progres-
sively shorter lengths [13]. In S. cerevisiae, disruption of theAbbreviations: poly P, inorganic polyphosphate; Pi, orthophosphate;
Ppn, yeast endopolyphosphatase; prePpn, precursor of Ppn; TMD,
transmembrane domain
*Corresponding author. Fax: +1 650 723 6783.
E-mail address: akornber@cmgm.stanford.edu (A. Kornberg).
0014-5793/$30.00  2005 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2005.02.032encoding gene, PHM5 (GenBank Accession No. AF322107
[14]), resulted in limited growth and failure of the mutant to
survive in a minimal medium [15]. The precursor of yeast
Ppn1 (prePpn1) requires protease cleavages in the vacuole
for activation; the protease cleavage sites were still unknown
although the encoding gene PHM5 had been cloned and
knocked out [15]. The limit-digestion products of P700 were re-
ported to be short chains: P3 and P60 [13]. Here, we report that
with Ppn1 puriﬁed to homogeneity and improved chromato-
graphic methods, the terminal cleavage products are demon-
strated to be Pi and P3. Truncations and site-direct
mutations show that both the amino- and carboxyl-termini
of prePpn1 and post-translational modiﬁcations including N-
glycosylations are required for the activation of prePpn1.2. Materials and methods
2.1. Reagents, strains and plasmids
ATP, ATP bioluminescence kit, creatine kinase, DNase I, and
RNase A from Roche Molecular Biochemicals; [c32P]-ATP from
Amersham Pharmacia; restriction enzymes from New England Bio-
labs; TnT in vitro transcription/translation kit from Promega; and
common chemicals from Sigma.
S. cerevisiae strains (CRY, CRX, CRN, and CNX) are derived from
W303-1A ([14], Table 1). Vector pYES2.1/V5-HIS-TOPO (Invitrogen)
was used for expression of Ppn1 and mutants in yeast; pTrc99-A
(Pharmacia) was used for expression in Escherichia coli, and
pCDNA3.1 (Invitrogen) for expression in mammalian 293 cells and
in vitro expression (Promega).2.2. Growth conditions and cell lysate preparation
S. cerevisiae CRX was grown aerobically in YPD medium (1% yeast
extract, 2% tryptone, 2% glucose) at 30 C for 20–24 h to an OD600 of
10. The harvested cells were suspended in an equal volume of 50 mM
Tris–HCl (pH 7.4) and 10% sucrose, then frozen in liquid nitrogen and
stored at 80 C. To make the cell lysate, cells were suspended in Buf-
fer A (50 mM Tris–HCl (pH 7.4), 600 mM KCl, 1 mM EDTA, 1 mM
dithiothreitol and 10% sucrose) and broken with glass beads (425–
600 lM, Sigma) using a bead-beater. The homogenates were centri-
fuged at 31 000 · g for 30 min; the supernatant was used for puriﬁca-
tion and analysis.2.3. Enzyme assay and activity determination
Ppn1 enzyme assay were performed as described previously [13,14]
with modiﬁcation. The reaction products were electrophoresed on a
20% urea–polyacrylamide gel supplied with 7 M urea, exposed to a
PhosphorImager screen (Molecular Dynamics), and analyzed. Ppn1
activity was calculated by measuring the percentage decrease in counts
at the origin with respect to total counts in the lane. The percentage
was then converted to pmol of poly P utilized (as Pi equivalents). A
unit was deﬁned as pmol of poly P (as Pi residues) utilized per min;
units/mg of protein gives the speciﬁc activity.blished by Elsevier B.V. All rights reserved.
Table 1





CRY MATa ade2 his3
leu2 trp1 ura3
+ +
CRN MATa ade2 his3 ura3
PPN1D::CgTRP1
+ 
CRX MATa ade2 his3 trp1
ura3 PPX1D::LEU2
 +
CNX MATa ade2 his3 ura3 PPN1D::
CgTRP1 PPX1D::LEU2
 
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The native molecular weight of Ppn1 was determined on a Superdex
200 column (Amersham Pharmacia) in Buﬀer B (50 mM Tris–HCl (pH
7.4), 300 mM KCl, 1 mM dithiothreitol, 1 mM EDTA and 10% su-
crose) at a ﬂow rate of 1 ml/min at 4 C. Marker proteins were detected
by UV absorption (wave length 280 nm). Fractions containing Ppn1
activity were detected by enzyme assay.
2.5. Plasmid construction
The PHM5 sequence was obtained by PCR using S. cerevisiae geno-
mic DNA as a template. To obtain the coding sequences of the pro-
cessed Ppn1 and diﬀerent mutants, primers were designed (Table 2)
and PCR performed. To mutate the three N-glycosylation sites at posi-
tions 11, 505 and 511, a two-step PCR was performed. Two pairs of
primers were used for the ﬁrst step PCR: PFN11A (in which Asn at
position 11 was mutated to Ala) and PR2NTA (in which Asn at posi-
tions 505 and 511 were mutated to Ala) were used for 5 0-terminal frag-
ments, and primers PF2NTA (complementary to PR2NTA) and
PRCT for 3 0-terminal fragments. These two fragments were then used
as templates for the second step PCR. The coding sequences of glyco-
sylation site-mutant (GSM) was obtained using primers PFNT/PRCT.
All the PCR fragments were digested with NcoI and BamHI andTable 2






















PRCT GCCGGGATCCTTAATCATCTTTATATCCAGcloned into pYES2.1/V5-HIS-TOPO vector for expression in yeast.
DNA fragments were sequenced by the PAN Facility of Stanford
University.
For expression in E. coli and human 293 cells, fragments were cut
from pYES vectors by NcoI and BamHI, and cloned into pTrc99-A
and pCDNA3.1 pre-digested with the same restriction enzymes,
respectively.3. Results
3.1. Puriﬁcation of Ppn1
Ppn1 was puriﬁed from PPX1D (exopolyphosphatase 1-deﬁ-
cient) mutant strain CRX [11]. Cells were collected after
growth in YPD medium for 20–24 h when Ppn1 reached its
maximum activity (Fig. 1). Following chromatography on
heparin and phosphocellulose columns, Ppn1 was puriﬁed
3800-fold (Table 3) to apparent homogeneity as visualized
on SDS/PAGE after Coomassie-brilliant-blue staining (Fig.
2); the speciﬁc activity was 6.5 · 109 pmol/min/mg of protein.
The molecular mass of denatured Ppn1 was estimated to be
34.5 kDa by Tandem mass spectrometric analysis; the native
mass was judged to be 142 kDa by gel ﬁltration chromatogra-
phy (data not shown), consistent with Ppn1 being a homotetr-
amer. Edman degradation analysis determined the N-terminal
sequence of Ppn1 is DVKTGKERKLHG, corresponding to
residues 84–95 of prePpn1; the C-terminal sequence is LKAM
as determined by C-terminal degradation analysis, correspond-
ing to residues 381–384 of prePpn1 (Fig. 3). These data indi-
cate that both the amino- and carboxyl-termini of prePpn1
are cleaved in the activation of Ppn1.
3.2. Enzymatic products of Ppn1
Analysis of Ppn1 cleavage products of poly P700 using a 20%
PAGE with 7 M urea provided a higher resolution than previ-
ously reported with a 6% PAGE [13]. Ppn1 action was non-
processive, and gave rise serially to intermediate chain lengths
(Fig. 4A). The ﬁnal digestion products were Pi and P3 (Fig.
4B), rather than P3 and P60 as reported previously [13]. Ppn1
can act on P20 and P45 with Km values lower than that for
the longer chains (data not shown). The yeast Ppn1 mutant
(PHM5D) accumulated long-chain poly P; but had diminished
levels of short-chain poly P, perhaps required for normal
growth in a minimal medium [14].Fig. 1. Growth-phase dependency of Ppn1 in S. cerevisiae. With a 1%
inoculum of an overnight culture, S. cerevisiae CRX was grown in
YPD media at 30 C with vigorous shaking. At the indicated time
points, cells were harvested, suspended in TED buﬀer (50 mM
Tris Æ HCl (pH 7.4), 1 mM EDTA and 1 mM DTT), and broken by
glass beads to give crude lysates for enzyme assays (see Section 2).
Table 3
Puriﬁcation of Ppn1
Fraction Total activity (109 Unit) Protein (mg) Speciﬁc activity (106 U/mg) Recovery (%) Puriﬁcation (fold)
Soluble lysate 54.5 3200 1.7 100 1
Heparin 22.9 1.15 1990 43 1170
Phospho-cellulose 13.6 0.21 6500 25 3820
Yeast CRX cell pastes (300 g) were suspended in Buﬀer A with protease inhibitors, broken with glass beads (425–600 lM, Sigma) using a bead-
beater, ﬁltered thru a sieve, centrifuged at 31 000 · g for 30 min, decanted and the pellet discarded. The supernatant of the second centrifugation at
85 000 · g for 1 h was applied to a HiTrap Heparin-Sepharose column (Amersham) equilibrated with Buﬀer A, and eluted with a linear gradient of
KCl from 0.6 to 1.5 M in Buﬀer A. The Ppn1 fractions were diluted to ﬁnal concentration of 500 mM KCl and loaded on a phosphocellulose column
(P11, Whatman). The column was washed with Buﬀer A, eluted with a gradient of 0–300 mMMgCl2 in Buﬀer A and peak fractions were pooled. One
unit is deﬁned as 1 pmol of poly P (as Pi residues) hydrolyzed per min; units/mg of protein gives the speciﬁc activity.
Fig. 2. SDS/PAGE analysis of puriﬁed Ppn1. 1 lg protein from
phospho-cellulose fraction and protein molecular mass markers (Low
Range Protein Standards, Bio-Rad) were applied on a SDS/PAGE
(10%) and visualized by Coomassie-brilliant-blue staining.
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The coding sequence of processed Ppn1 was ampliﬁed,
cloned and expressed in yeast CNX (PPX1DPHM5D), in E.
coli CF5802 (DppkDppx) and in mammalian 293 cells. The pep-
tides were overexpressed in E. coli and yeast as visualized by
SDS/PAGE, but no Ppn1 activity was detected in any of the
transformants. However, Ppn1 was detected in yeast trans-
formed with PHM5, the gene encoding prePpn1. The func-
tional expression of PHM5 in yeast required proteases in the
vacuole; in the yeast mutant CBO23 that lacks such enzymes
(i.e., vacuolar proteases A, B and C), expression of PHM5
did not generate Ppn1 in the vacuole [13], nor was Ppn1 de-
tected in E. coli transformed with PHM5. Thus, multiple
post-translational events are required to generate active Ppn1
from prePpn1.Fig. 3. Amino acid sequence of prePpn1 of S. cerevisiae. Sequences of ami
transmembrane domain is outlined; the N-glycosylation sites are in bold, und
is bold.3.4. Truncation and site-directed mutation studies
Mutants were generated to study the role(s) of the N- and C-
termini of prePpn1 for the activation of Ppn1 (Fig. 5A). N-ter-
minal truncated mutant N21 lacks the ﬁrst twenty residues but
still retains the transmembrane domain (TMD) whereas the
N41 mutant lacks the TMD. Three C-terminal truncated mu-
tants, C609, C549 and C489, which respectively lack 65, 125
and 185 residues from the C-terminus, were also generated.
The corresponding coding sequences for these mutants, along
with the gene PHM5, were cloned into pYES/V5-HIS and ex-
pressed with a N-terminal his-tag in yeast CNX.
Post-translational modiﬁcations are essential for activation
of prePpn1; direct expression of the processed form of Ppn1
(aa 84–384 of prePpn1) did not generate enzymatic activity
though the peptide was expressed in budding yeast, as detected
by anti-his-tag antibody (Fig. 5B). No bandwas detected for the
his-tagged prePpn1 using anti-his tag antibody indicated the N-
terminus of prePpn1 was proteolytically processed very fast.
Deletion of the TMD (mutant N41) resulted in the loss of activ-
ity; Western blot detected a band around 80 kDa in the his-
tagged N41-expressed cells (Fig. 5B), indicating that the mutant
N41 was not processed to an active form of Ppn1. This may be
due to the failure of translocation of prePpn1 into the vacuole,
where protease cleavages activate Ppn1 [13]. The N21 mutant,
which retains the whole TMD, was not processed, and lacked
any enzymatic activity (Fig. 5). PrePpn1 contains four pre-
sumedN-glycosylation sites, but only N505 is conserved among
all the prePpn1 homologs (data not shown). Mutation of three
of these sites (at positions 11, 505 and 511) abolished Ppn1
activity, indicating that N-glycosylations are required for
Ppn1 activation. Yet, the C609 mutant, which retains all four
N-glycosylation sites and the entire N-terminus, still failed to
be processed to generate active Ppn1 (Fig. 5B). Thus, additional
post-translational modiﬁcation(s) at the very end of the C-
terminus may also be necessary for activation of prePpn1.no- and carboxyl-termini of processed Ppn1 are bold and shaded; the
erlined and italics; the ﬁrst N-terminal lysine residue for ubiquitination
Fig. 4. PAGE analysis of PPN products. Poly P digested by puriﬁed PPN was separated by 20% PAGE with 7 M urea and without EDTA in the
loading samples. Poly P standards with chain lengths of 700, 50, 20 and 3, together with ATP, Pi and the dye position are indicated. Panel A,
Toluidine blue staining of PPN products. 80 nmol of unlabeled P700 was digested with 5000 U of puriﬁed Ppn1 under assay condition. After various
reaction times, samples were taken and electrophoresed at 600 V for 5–6 h and stained with toluidine blue. Panel B, Autoradiography of [32P]-labelled
Ppn1 products. 2 nmol of [32P]polyP700 was digested with 1000 or 50 000 U of puriﬁed Ppn1. After various reaction times, samples were
electrophoresed at 600 V for 2.5 h and visualized by PhosphoImager (Molecular Dynamics).
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Ppn1 that cleaves long-chain poly P of several hundred resi-
dues to generate sequentially shorter intermediate size products
throughout the course of the reaction was identiﬁed in mamma-
lian tissues and cell lines, and puriﬁed from S. cerevisiae [13].
The encoding gene in S. cerevisiae, PHM5, has been cloned
and disrupted. The PHM5D mutant showed limited growth
and failed to survive in a minimal medium in stationary phase
[15]. Earlier, the limit products of Ppn1 were thought to be
P60 and P3 [13], indicating that P60 might play important role(s)
in the membrane functions of organelles such as vacuoles, lyso-
somes and nuclei, and thus essential for survival of S. cerevisiae
in a minimal medium [15]. In the present study, we demonstrate,
with a puriﬁed homogeneous enzyme and separation on a 20%
PAGE gel with 7 M urea instead of 6% PAGE gel, that the limit
digestion products of long chain poly P (P700) by Ppn1 are Pi
and P3, rather than P3 and P60. No speciﬁc accumulation of
product with chain length of P60 was observed throughout the
course of the Ppn1 reaction, nor in the poly P extracted from
whole cells [14]. Ppn1 is able to act on poly P with chain lengths
of 45 and even 20, though the Km values for short chains are
much higher than for the long chains (data not shown).Ppn1 undergoes proteolytic processing of a 78 kDa precusor
to an active form of 35 kDa. Although both ends of prePpn1
are cleaved to form the active Ppn1 (Fig. 3), truncation studies
showed that both ends were required for the activation process
(Fig. 5). PrePpn1 contains a N-terminal 20-aa long TMD. Po-
lar residues in the TMD are reported essential for sorting
prePpn1 and Cps1p, a vacuolar carboxypeptidase, into the
interior of the yeast vacuole through the late endosome path-
way [17]. Deletion of the TMD resulted in the loss of prote-
ase-mediated processing of prePpn1 and of enzymatic
activity, due to the failure of translocation into the vacuole
where protease digestion is performed for activation of
prePpn1 [13]. Ubiquitination is also involved in the correct
sorting of prePpn1 into the vacuole [16,18]. The lysine residue
at position 6 of prePpn1 was shown to be the target for ubiq-
uitination [18]. Deletion of the N-terminal 20-aa including the
lysine residue failed to process and transactivate prePpn1.
Mutation of lysine 6 to alanine alone abolished its ability to
sort into the vacuole [16]. Two proteins, Tul1 and Rsp5p, were
identiﬁed as ubiquitin ligases functioning in the trans Golgi
network and the late endosome for membrane protein quality
control, and were also shown to be required for ubiquitination
of prePpn1 and Cps1p [17–19].
Fig. 5. Expression and activities of prePpn1, Ppn1 and mutants. Panel
A. The structural schemes of mutants are indicated as: Ppn1 (84–384 aa
of prePpn1) as a hatched box; transmembrane domain (TMD, 21–40 aa)
as a black box and the four N-glycosylation sites are shown as G. For
truncations, the N-terminal twenty aa (mutant N21) and forty aa (N41),
and the C-terminal sixty-ﬁve aa (C609), 125 aa (C549) and 185 aa (C489)
were deleted. In the glycosylation site mutant (GSM), asparagine at
positions 11, 505 and 511 were mutated to alanine. Panel B. Western
blot of the overexpressed mutants in S. cerevisiae. PrePpn1, processed
Ppn1,mutantN21, N41 andC609were expressedwith aN-terminal his-
tag in yeast CNX. Cell lysates (20 lg) were electrophoresed on a 10%
SDS/PAGE and immuno-blotted with an anti-His-tag antibody.
2018 X. Shi, A. Kornberg / FEBS Letters 579 (2005) 2014–2018PrePpn1 contains four presumed N-glycosylation sites.
Mutation of three of them, including the only conserved one
at position 505 of prePpn1, abolished Ppn1 activity indicating
that N-glycosylation modiﬁcations are essential for activation
of Ppn1. This process normally occurs in the endoplasmic retic-
ulum and can be continued in the Golgi [20]; thus N-glycosyl-
ation modiﬁcations are likely involved in the translocation of
prePpn1 from the Golgi network to endosomes. Surprisingly,
the C609 mutant, which retains all N-glycosylation sites and
the entire N-terminus including the TMD and the lysine residue
for ubiqitin binding, was not processed by vacuolar proteases
and did not show any enzymatic activity (Fig. 5). This indicates
that there may be additional post-translational modiﬁcation(s)
at the C-terminus, such as O-type glycosylation or a glycosyl-
phosphatidylinositol (GPI)-anchor; a relatively conserved
GPI-anchor motif is in the C-terminus of prePpn1.
The activation of Ppn1 is complex and regulated in keeping
with its important physiological role(s) [15–19]. The in vivo
function of Ppn1 appears to be the supply of short-chain poly
P; that the budding yeast Ppn1-deﬃcient mutant is defective in
growth in a minimal medium highlights the physiological
importance of short-chain poly P [15]. To date, Ppn1 is the
only characterized polyPase that produces short-chain poly
P. In S. cerevisiae, poly P may accumulate to a level of 20%
of the cell dry weight; more than 90% of the poly P is stored
in the vacuole, where Ppn1 and possible Ppk (Phm1–4 com-
plex, 14) are located. The complexity of the maturation of
Ppn1 suggests a tight regulation of levels of short-chain poly
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